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ABSTRACT: The latest findings from the field surveys from the last tsunami events (i.e. Japan Tsunami 2011 and 
Mentawai Tsunami 2010) show that the damping performance of coastal forests considerably differs from case to case, 
thus leading to even more controversies on the effectiveness of coastal forest in reducing the impact of tsunami. 
Moreover, the drag and inertia coefficients CD and CM,  as well as the Manning‟s roughness coefficient n  which have 
been used to describe the flow resistance and implemented in the models to asses the attenuation of tsunami by coastal 
forests vary over such a broad range that a consensus among scientists and engineers is difficult to achieve. Besides 
different approaches and methodologies, the existing flow resistance coefficients for forest vegetation have been 
derived from laboratory experiments under different testing conditions. Though these coefficients are highly affected by 
the geometrical characteristics, the elasticity behaviour, the degree of tree submergence and the flow regime, these 
effect are neither properly nor fully taken into account. Therefore, a new physically-based approach for tree 
parameterisation is proposed and exemplarily implemented for mangroves and coastal pines, including laboratory 
testing for both stiff and flexible vegetation assumptions. “Real” models and parameterized models were constructed 
and tested in a hydraulic flume in order to comparatively quantify their hydraulic performance for different flow 
regimes by measuring directly the total forces on the tree models as well as the flow velocity in front of and behind the 
tree models. A comparative analysis of the test results is performed with the results in the literature  which reveals the 
missing critical physical aspects that have not been considered in the former studies on the flow resistance coefficients 
of coastal forests.  
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INTRODUCTION 
Since the last decades, coastal forests have been 
considered as one of the natural tsunami barriers in 
reducing both tsunami inundation depth and tsunami 
run-up height (Harada & Imamura 2000, Matsutomi et 
al. 2006). A considerable reduction of tsunami energy 
was found to be directly or indirectly related to the 
existence of coastal forests along the coastline hit by 
tsunami (e.g. the 2004 Aceh Tsunami and the 2006 
South Java Tsunami). Analyses of field surveys and 
satellite images showed that in some cases coastal forests 
apparently provided a significant contribution to tsunami 
attenuation as compared to the other areas without 
coastal forests (Yanagisawa et al. 2009). Even after the 
Great Eastern Japan Earthquake and Tsunami or GEJET 
2011 and Mentawai Tsunami 2010 the controversial 
discussions on the effectiveness of coastal forest in 
reducing the impact of tsunami continued (Suppasri et 
al. 2011 and Borrero et al. 2010). Moreover, different 
methodologies in the parameterisation processes and in 
determining the hydraulic resistance coefficients (e.g. 
CD, CM and n) have contributed to the difficulties to 
achieve conclusive results on the assessment of the 
tsunami attenuation performance of coastal forests.  
The primary objective of the parameterization is to 
obtain a parameterized model which has a similar 
hydraulic resistance to its prototype counterpart. Thus, 
parameterization has been defined as a simplification 
process of a complex 3D structure of coastal forest 
vegetation to a simpler and more organized model with a 
similar resistance to flow, i.e. the hydraulic losses of the 
prototype should be similar to the hydraulic losses of the 
proposed parameterized model.  Mangroves and coastal 
pines as one of typical coastal forest vegetations have 
long been suggested to reduce the impact of tsunami and 
both have also been parameterised in many different 
approaches (Kongko 2004). Thus, in this paper, 
mangroves (Rhizophora apiculata) and coastal pines 
(Casuarina equisetifolia) are considered for more 
detailed investigations. Based on the most common 
damage modes (Yanagisawa et al. 2009), two 
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assumptions are also considered based on the physical 
characteristics of the trees:  stiff structure assumption for 
the lower part of the tree (roots and trunk) and flexible 
structure assumption for the upper parts of the tree 
(roots, trunk and canopy). Therefore, the objective of 
this paper is to present the new concept of tree 
parameterisation by means of hydraulic tests considering 
both stiff and flexible structure assumptions including 
the determination of hydraulic resistance coefficient in 
term of drag coefficient CD. 
NEW TREE PARAMETERISATION APPROACH 
A general overview of the proposed methodology for 
the parameterisation of coastal forest vegetation is 
provided in Fig. 1. Two types of coastal forest 
vegetations, mangrove and coastal pines are exemplarily 
selected in this study as they represent two different 
species living in different coastal habitats (muddy and 
sandy beaches). The process starts with the 
determination of tree parameters for both mangrove and 
coastal pine trees. The influencing parameters include 
the geometry, frontal area (Af), and submerged volume 
ratio (Vm/V). The selected age for the investigated tree is 
in mid-age which is considered to have sufficient 
strength against extreme forces such as tsunami. The 
frontal area Af is calculated by measuring the area of 
submerged tree perpendicular to the flow direction by 
means of taking a picture from the front side of the tree. 
The submerged volume ratio (Vm/V) is the ratio between 
the submerged volume of the tree Vm and the control 
volume V (Mazda et al. 1996).  
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Fig. 1 Flow chart of tree parameterisation methodology 
 
For mangrove, the roots and the trunk first should be 
treated as stiff structure assumption. Based on the results 
of the hydraulic model tests in a current flume involving 
“real” tree models and their parameterised tree model 
counterparts, the selected parameterised model with stiff 
structure assumption (roots and trunk) is combined with 
the parameterisation of the canopy to proceed with the 
hydraulic model tests with flexible structure assumption. 
Among the several parameterised models tested, the 
most hydraulically-similar parameterised tree model is 
selected to be tested more systematically before adopting 
it for the construction of the forest model made of 
parameterised trees in the wave flume.  
Stiff structure assumption 
Based on the tsunami damage mode found in the 
fields and due its complex 3D structure, the bottom part 
of mangrove tree has been parameterized based on stiff 
structure assumption (Fig. 2).  
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Fig. 2 Tree parameterisation based on stiff structure 
assumption (Husrin et al. 2012) 
 
The procedure starts with the construction of a “real” 
tree model made of hardened clay, considering the 
submerged volume ratio Vm/V, frontal area Af and tree 
geometry. At the same time, the proposed parameterized 
tree models consisting of a group of cylinders were also 
constructed by varying the root density (e.g. number of 
cylinders per unit area). Both “real” and parameterised 
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models were hydraulically tested in a current flume 
subject to variation of flow velocities and the water 
depths.  Moreover, the hydraulic force acting on the tree 
model was measured by means of a force transducer 
mounted at the bottom of the tree model while ADV 
current sensors were used to measure the flow velocity 
in front of and behind the tree model (Fig. 2). The 
selection of the most representative parameterised model 
was based on the degree of similarity of hydraulic 
properties (mainly hydraulic forces) of the parameterised 
model to the “real” model counterpart (for more details 
refer to Husrin et al. (2012). 
Flexible structure assumption 
After identifying the tree parameters such as: 
geometry, canopy density (i.e. Leave Area Index, LAI), 
and trunk stiffness (i.e. Young modulus, E), the first step 
is to construct a real model which has similar 3-D 
complex structure as the real prototype tree. The model 
scale used is  = 1:25 and Froude similitude (undistorted 
geometry) is implemented to produce the scaled model. 
Geometrical dimensions such as the height, the width 
and the area can be scaled down directly from the length 
scale (). Fig. 3 and 4 shows  the real model 
characteristics of mangroves and coastal pines: 
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Fig. 3 Characteristics of “real” mangrove tree model 
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Fig. 4 Characteristics of “real” coastal pine tree model 
a) “Real” tree models of mangrove and coastal pine trees 
 A mature or mid-age mangrove tree model, 
 The leaves are made of flexible plastic, the 
branches are made of hardened clay (rigid), the 
trunk is made of polytetrafluoroethylene or PTFE 
rod (E = 0.5 GPa) with scaled elasticity,  
 For mangrove, the roots are from group of 
cylinders (plastic and aluminium) similar to the 
root model with stiff structure assumption. 
 The typical LAI of mangrove canopy is 4.5 and 
coastal pine canopy is 2.0 
b) Parameterised tree models  
For the parameterised models, the process starts with 
the parameterisation of canopy and trunk. Canopy shapes 
seen from the top are random representing at least 4 
kinds of geometrical shapes such as circular, rectangular, 
star-shape and elliptical (Dahdouh-Guebas et al. 2005). 
Canopy density distribution as the function of canopy 
height is almost equally distributed (Tahvanainen & 
Forss, 2007). Therefore, a rectangular shape can be 
adopted to simplify canopy density distribution as a 
function of the canopy height.  
Therefore, from the above information, the shape of 
the canopy for the model can be constructed by using 
artificial fibrous material and plastic nets to 
accommodate both canopy density and frontal area as 
shown in Fig. 5. 
For the flexible trunk model, Froude similitude 
provides the following relationship: 
 
    
p
m
E
E
   and 
t ,p
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1



    (1) 
 
Since the length scale is 1 : 25 and by taking the 
averaged values of E for mangrove and coastal pine 
trees are 18 GPa and 11 GPa respectively (Husrin et al. 
2012), the expected scaled E values for mangrove and 
coastal pine is ranging from 440 MPa – 720 MPa 
(Averaged = 580 MPa). A feasible material for this 
range of E values is polytetrafluoroethylene or PTFE. 
However, this material also has a drawback because its 
density is double of wood density (
t ,m =2 t ,p ). This 
means rupture stress of PTFE is much higher compared 
to the real wood. 
For mangrove, three parameterized model with 
flexible trunk is provided with different canopy density 
(Table 1). Test series I or the preliminary experiment 
should be first conducted to check the reliability and to 
confirm the use of the proposed canopy model made of 
the artificial fibrous materials. Test series II is then 
carried out to quantify the hydraulic performance and to 
study the influence of tree deflection to the measured 
hydraulic force. Test series I is conducted for mangrove 
tree models where 5 models with stiff trunk and with 
different densities and frontal areas (Table 1). Results 
from Test series I will also be applicable for coastal pine 
models.  
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Fig. 5 Tree parameterisation based on flexible structure 
assumption 
For the root of mangrove tree models, a group of 
cylinders with staggered arrangement was used based on 
the stiff structure assumption (Husrin et al. 2012). For 
the parameterized models of coastal pine, there were 
three parameterized models with similar frontal area and 
different canopy densities as shown in Table 1. 
The hydraulic performance and hydraulic resistance 
of the mangrove and coastal pine models were measured 
in a current flume. A platform made of ply woods to 
accommodate the model and the force transducer was 
constructed. Depth average velocity, u was measured 
using two ADV current meters in front of and behind the 
model.  The surface water elevations were measured at 
similar locations as the ADV current meters.  
 
 
 
Table 1 Characteristics of real model and parameterised 
models for mangrove 
Models Density, 
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Trunk Tree 
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Fig. 6 Experimental set up in a current flume 
 
The hydraulic force on the model was measured by a 
force transducer located at the bottom of the model (Fig. 
6). The procedure used for the experiments in a current 
flume including the measured parameters (e.g. flow-
induced forces), measurements devices, and 
experimental setup were similar as in Husrin et al. 
(2012) for the parameterisation experiment with stiff 
structure assumption except for the measurement of the 
tree deflection. A video camera was positioned in such 
away so that the deflection of the tree model can be 
observed from the side view of the flume. All models 
were subject to various flow velocities u (0.2, 0.3, 0.4, 
0.5, 0.75, 0.8 and 1.0 m/s) for three different water levels 
(h = 0.2, 0.3 and 0.4 m). 
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RESULTS AND ANALYSES 
 
Stiff structure assumption 
A detailed discussion on the results and analyses of 
the parameterisation with stiff structure assumption can 
be found in Husrin et al. (2012). The use of “real” model 
or a reference model and its generic parameterization 
methodology has successfully determined the most 
representative parameterized model based on the 
hydraulic characteristics measured in laboratory scale. 
The parameterized model consists of group of cylinders 
with similar submerged volume root density (Vm/V) and 
frontal area (Af) as the “real” model. The dimension of 
the individual cylinders which constitute the root model 
system should also be similar as the averaged dimension 
of roots in “real” model. 
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Fig. 7 Relationship of CD and Re obtained from 
experiments in a current flume  
 
The hydraulic resistance in term of drag coefficient 
(CD) which is derived from the parameterized models is 
comparable to the previous findings, fills the gaps of 
some missing information (related to physical 
characteristics of tree) and expands its possible 
application for a wider range of flow regimes (i.e. the 
Reynolds number) that has never been described in 
previous studies as exemplarily described by Harada and 
Imamura (2000) and Struve et al. (2003). Moreover, a 
new relationship for the flow resistance in terms of CD 
can be derived as a function of Re as shown Fig. 7. 
 
Flexible structure assumption 
 A total of 14 models are subject to 224 tests in a 
current flume (16 tests/model) . Three water depths are 
considered (h = 0.2 m, 0.3 m and 0.4 m) for mangrove 
models. However, since h = 0.2 m is considered only for 
the roots and the trunk which is all similar for all 
mangrove models, the experiment for h = 0.2 was only 
conducted once. The test for h = 0.2 m is represented by 
model RT for all mangrove models. For coastal pine 
models, two water depths (h = 0.3 m and h = 0.4 m) are 
considered in order to comparatively investigate the 
hydraulic performance of both tree models.  
Test series I 
In order to illustrate the reliability of the 
parameterised models, the relative difference of 
hydraulic force between the “real” model (FD(ReMS)) and 
parameterized models (FD(par models)) must be determined. 
This can be seen from the plot of hydraulic force 
between the parameterized models and the “real” model 
as shown in Fig. 8 for both emergent and fully 
submerged conditions. From this figure, it is clear that 
the relative hydraulic force difference (F) between the 
“real” model and the parameterized model can be simply 
calculated as follows: 
 
 D,(ReMS) D,(par models)
F
D,(ReMS)
F F
x100%
F

     (2) 
 
M1FS has a similar density as the real model (ReMS) 
while M2FS is 30% less dense compared to M1FS and 
M3FS is 50% less dense compared to M1FS. The 
averaged F between M1FS, M2FS and M3FS to the real 
model ReMS is about 5%, 9% and 11% smaller, 
respectively. This means by changing the canopy density 
by 50%, the hydraulic force is reduced by 10%. 
Meanwhile, model M4FS has similar density as M2FS 
(30% less dense as the real model ReMS) but the frontal 
area is also reduced by 30%. The measured force is far 
much smaller up to 32%. When the frontal area is also 
reduced by up to 50% (Model M5FS), the reduction of 
the force reaches 45% as compared to the real model 
ReMS. This means by reducing the frontal area, the 
measured force is far much smaller compared to 
reducing the canopy density.  
Analyses also show that for similar frontal area 
(M1FS, M2FS and M3FS) the relative contribution of 
the roots to the measured hydraulic force increases 
slightly as the canopy density decreases. For emergent 
condition h = 0.3 m, the contribution of roots increases 
only 2% as the canopy density reduce by 50%. Similarly, 
for h = 0.4 m (fully submerged condition), the root 
contribution increases by only 2% as the canopy density 
reduces by 50%. With smaller frontal area (Models 
M4FS and M5FS), the relative contribution of roots to 
the total measured force increases significantly. Model 
M4FS has a similar density to M2FS but the frontal area 
is reduced by 30%. By keeping a similar density and 
reducing the frontal area by 30%, the contribution of the 
roots increases by 10 % for emergent condition and by 
6% for a fully submerged condition. Similarly, for model 
M5FS which has similar canopy density as M3FS but a 
reduced frontal area by 50%, the contribution of root 
increases by 18% for emergent condition and by 15% for 
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fully submerged condition. This again shows that 
variation of the frontal area has more effect to the 
hydraulic force compared to the changing of canopy 
density.  
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Fig. 8 Relative difference of the measured forces for a) 
emergent conditions and b) fully submerged conditions 
 
In conclusion, the use of fibrous materials for the 
parameterized canopy model based on hydraulic force 
measurement is highly encouraging because the 
averaged different on the measured hydraulic force F 
between the „real‟ model and the parameterized model 
with similar submerged volume ratio and frontal area is 
only 5% (M1FS). 
 
Test series II 
One of the key features from test series II is the 
different flexibility behaviour of measured forces in 
emergent and fully submerged conditions (h = 0.3 m and 
h = 0.4 m, respectively). As shown in Figs. 9, the 
measured hydraulic force for emergent conditions 
overtakes those from fully submerged conditions when a 
given flow velocity is exceeded.  For emergent 
conditions, the relationship of forces and flow velocity is 
quadratic up to certain limits. As the flow is getting 
faster, the relationship turns to be more linear as 
observed for all the cases with fully submerged 
conditions. This occurs because for emergent conditions, 
when the tree is deflected or almost fully deflected, the 
frontal area as a function of water depth is larger as 
compared to that under fully submerged conditions. In 
other words, for emergent conditions, the more the tree 
model gets deflected the larger the hydraulic forces are. 
For a fully submerged conditions this the other way 
around. Moreover, the deflection angles for emergent 
conditions are larger compared to those with fully 
submerged conditions. It is obvious that buoyancy play 
an important role in maintaining the tree models with 
smaller deflection angles under fully submerged 
conditions. 
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Fig. 9 Force measurement for model M1FF 
 
Table 2 Deflection angles for model M1FF 
u 
[m/s]
a (°) for  
h=0.3m
Force, 
FD [N]
Elastic/
plastic
u [m/s]
a (°) for  
h=0.4m
Force, 
FD [N]
Elastic/
plastic
0.20 2.74 0.507 Elastic 0.20 6.27 0.908 Elastic
0.30 5.52 1.409 Elastic 0.30 14.35 2.170 Elastic
0.40 14.44 2.606 Elastic 0.40 27.29 3.666 Plastic
0.50 29.95 4.036 Plastic 0.50 33.74 5.030 Plastic
0.60 62.51 6.127 Plastic 0.60 45 6.356 Plastic
0.75 66.02 8.304 Plastic 0.75 60.78 7.991 Plastic
0.80 67.16 9.481 Plastic 0.80 64.5 8.959 Plastic
1.00 77.38 12.873 Plastic 1.00 73.01 11.511 Plastic
M1FF
Emergent (h = 0.3 m) Fully submerged (h = 0.4 m)
 
 
The examples in Fig. 9 and Table 2 are also very 
important in determining the limit of trunk flexibility. 
From the observations after each test, it was found that 
for the deflection larger than 20°, the trunk is no longer 
elastic. This means that the trunk does not return to its 
original position after being deflected by the flow. It is 
also found that submerged condition leads to earlier 
plastic conditions compared to emergent conditions with 
similar flow velocity. Moreover, this elastic condition 
can be assumed as an indication that the trunk will not 
break up to this limit. 
According to the results of pulled-tests for Scots 
pine, Norway spruce and Birch trees, the deflection 
angles for a broken trunk may ranges from 23° – 42° 
(Peltola, et al. 2000). If we take the assumption that the 
breakage limit of the mangrove model is similar to the 
breakage limit of those trees, the obtained plots for 
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emergent conditions may provide information that within 
the quadratic curves, the tree may still survive and 
provide hydraulic damping as shown in Fig. 10a for all 
mangrove models. According to the obtained data and 
the assumption, the threshold flow velocity in the model 
beyond which the tree may not survive is u = 0.6 m/s for 
emergent conditions and u = 0.4 m/s for fully submerged 
conditions. This velocity is equivalent to the velocity in 
prototype u = 3 m/s. For fully submerged conditions (h = 
0.4 m or h = 10 m in prototype), the deflection of tree 
reach more than 30° for velocity u = 0.4 m/s or u = 2 
m/s. This may lead to the indication that it is very 
unlikely that trees may survive from such a high water 
depth. Even with a very low flow velocity, the deflection 
is already high (Fig. 10b).   
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Fig. 10 The elasticity behaviours of the trunk for both 
mangrove and coastal pine models 
 
Coastal pine models have similar characteristics as 
the mangrove models with the exception that there are 
no roots and that the canopy density is much smaller. 
Moreover, coastal pine models have longer trunk and 
longer canopy compared to mangrove models. 
Therefore, coastal pine models are more deflected when 
subject to similar flow velocity compared to mangrove 
models. Fig. 10 shows that the hydraulic forces on 
mangrove models are far much larger compared to those 
on coastal pine models.  
 
 
Drag coefficient CD 
By applying the Morison equation  and the concept 
of submerged volume ratio, a relationship between drag 
coefficient CD and Reynolds number Re has been derived 
(Husrin et al. 2012). Characteristic length Le considered 
in Re is the effective vegetation length, defined as a ratio 
of submerged volume to the frontal area of the model 
tree. Le and Af are the two most important parameters 
affecting the hydraulic resistance. In this case, only CD is 
considered since a steady flow was used in the 
experiments.  
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Fig. 11 CD of mangrove and coastal pine models 
 
The range of CD for both mangrove and coastal pine 
models are almost identical: CD ~ 1.5 to CD ~ 0.8. 
However, Re number for coastal pine models are much 
larger than for mangrove models. For mangrove models, 
CD ranges from 1.6 – 0.8 with Re ranging from 5.3x10
4 – 
3.5x105 while for coastal pine models, CD ranges from 
1.46 – 0.75 with Re ranging from 6.8x10
4 – 7.7x105. 
Both mangrove and coastal pine models have similar CD-
Re pattern where CD decreases as Re increases. This 
pattern is in line with former laboratory experiments 
with stiff structure assumption (only roots and trunk). 
In general, the CD values based on the flexible 
structure assumption are much smaller compared to the 
CD values based on the stiff structure assumption (only 
roots and trunk).  The effect of submerged volume ratio 
on CD seems to be determinant. Fig. 11Error! 
Reference source not found. shows the combined plot 
of CD for both stiff and flexible structure assumptions. It 
shows that CD from flexible structure assumption 
corresponds to the lower envelop of the CD values based 
on the the stiff structure assumption. 
Fig. 11 provides a more reliable and clear basis for 
the determination of the CD values to be implemented for 
the assessment of tsunami / storm wave attenuation by 
coastal forests. A wider range of CD values has been 
previously reported without assessing accurately the 
physical bases behind them, particularly on how to 
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parameterize the tree (see for example Imai and 
Matsutomi, 2006; Kongko, 2004; Harada and Imamura, 
2000). CD may reach 1 for certain conditions (small 
Vm/V values) which is equivalent to the value of CD for a 
cylinder. However, CD also may have much larger values 
due to much larger Vm/V, which mostly belong to the 
condition where the water elevation or tsunami height is 
within the root system. 
 
CONCLUDING REMARKS 
From the above discussion and further results in the 
PhD thesis of Husrin (2013), the following concluding 
remarks can be drawn:  
- The concept of “real” model and the use of suitable 
materials for the processes of parameterisation 
(fibrous materials and PTFE) have been 
successfully implemented. This could be achieved 
by ensuring that the parameterized model has a 
similar submerged volume ratio and frontal area as 
its “real” model counterpart. 
- Common damage modes of coastal forests hit by 
large tsunami can be explained by the concept of 
elastic and plastic behaviours. Most trees did not 
survive from tsunami at or beyond the canopy level 
due to the fact that hydraulically the trunk 
experiences stress beyond its strength.  
- The derived hydraulic resistance in term of CD 
regardless the variation of canopy density and 
water levels changes converges towards CD=1.0. 
This indicates that smaller submerged volume ratio 
(due to the increase of water levels) lead to the 
decrease of hydraulic resistance. The frontal area 
variation contributes significantly to the measured 
hydraulic forces as well as the hydraulic resistance 
though the variation is relatively small. This finding 
may explain why many numerical simulations 
prefer to adopt CD = 1 (or even smaller) to describe 
tsunami attenuation by coastal forest vegetation.   
In the current study, the investigation has focused  on 
finding the most suitable materials to reproduce at the 
model scale the  trunk elasticity (Young elasticity, E). 
The breakage limit of the trunk was not part of this study 
whereas broken trunk cases are common when tsunami 
reaches the top of the canopy. The effect of broken trunk 
on the total tsunami attenuation has never been 
investigated. Interactions between fluids and the trees as 
well as the assessment of interaction among (broken) 
individual trees within the forests until they turn to be 
floating debris are some of the challenging issues to be 
addressed in future research.  
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